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Abstract

Considerable information is available on the effects of radioactivity on adult and
early life stages of organisms. The preponderance of data is on mortality after a
single irradiation with relatively high doses. Unfortunately, because experiments
were carried out under different conditions and for different time periods, the
validity of comparing the results from different taxonomic groups is questionable.
In general, the conclusions are that there is a relationship (1) between
radioresistance to high doses of acute radiation and taxonomy of the organism,
primitive forms being more radioresistant than complex vertebrates and (2)
between radiosensitivity and developmental stage, early life stages being more
sensitive than later stages. The first conclusion may be related to the capability of
the organism to repopulate cells and to dedifferentiate and redifferentiate them;
the second to the rate of cellular division and to the degree of differentiation. In
guestion, however, is the relevance of the responses from high levels of acute
radiation to that of the responses to long-term exposure to low levels of radiation,
which are ecologically of more interest. Data from studies of the effects of acute and
chronic exposure on development of gametes and zygotes indicate that, for some
fishes and invertebrates, responses at the cellular and molecular levels show effect
levels comparable to those observed in some mammals. Acute doses between 0.05
and 0.5 Gy and dose rates between 0.02 to 0.2 mGy/h appear to define critical ranges
in which detrimental effects on fertility are first observed in a variety of
radiosensitive organisms. To better understand inherent radiosensitivity, we need
more information on the ability of cells to repopulate and differentiate and to
prevent or repair damage to biological critical molecules, such as DNA, because
these factors may alter significantly organisms' responses to radiation.

Introduction

The release of radioactive materials into the environment from planned or
accidental discharges results in increased radiation exposure to humans and to
native and domestic fauna and flora in our ecosystems. Considerable effort has
been put forth to evaluate dose and dose-rate limits that protect humans [1-4].
Some efforts have been made to define limits to protect ecosystems [5, 6]. However,
variation in environmental factors, such as temperature, salinity, light regime, and
exposure media, results in further complexity of dose and safety assessments for
populations. It is important to know the sensitivity to radiation of all living



organisms and not just humans, because the stability of ecosystems is vital for
maintenance of the quality of human life. With information available on
responses to irradiation and factors affecting radiosensitivity, organisms in
ecosystems potentially at risk from accidental or planned releases of radioactivity
can be identified. We will review the extensive database on mortality to ascertain
the relationship between radiosensitivity and taxonomy and the less extensive
database on responses of reproductive tissues and early life stages to define the
relationship between radiosensitivity and development.

Abbreviations: Gy, gray; ppt, parts per thousand

Taxonomic Aspects of Radiosensitivity

Information is available on the effects of radiation on adult and early stages of
organisms from different phyla and from different types of ecosystems. Although
extensive data are available, there are entire phyla and groups within phyla for
which there is no information; previous studies focused on a few species of
mammals or of fishes. Most of the experiments were conducted to determine the
responses to acute, high doses rather than chronic, low doses. However, it is the
latter type of exposure that is more relevant to conditions that are present currently
in the environment.

Acute Radiation Responses. A common experimental procedure in the past
was to expose test organisms to a single irradiation using a relatively high dose to
determine the dose at which mortality occurred. The response to the irradiation
was expressed frequently as the median lethal dose or LD5g/30, which is the dose
killing 50% of the population within 30 days. The period of 30 days was chosen
probably because the small mammals used in early experiments had a good chance
to survive if they did not die within this period. The ranges of responses of
different groups of organisms to acute radiation are summarized in Table 1. There
are large differences among groups in radiosensitivity, the ranges in response
overlap, and lower taxonomic groups have lower radiosensitivity.

Representative data on mortality in adult mammals show that mammals
have high radiosensitivity (Table 2). The LD 5g/30 values are generally low, less
than 10 Gy. Because the effects and mechanisms of action of acute radiation in
some mammals and other model organisms have been investigated and the
database updated periodically [1-4], information is available to provide a better
understanding of responses to radiation.



The effects of acute radiation were examined using many fish species (Table
2). The range of lethal levels is from about 3.75 to 100 Gy. For some fishes, the
effects for a specific total dose of decreasing the dose rate and of fractionating the
dose were studied [17-20]. The results are similar to those for mammals. As the
dose rates are decreased and the intervals between fractionated doses are increased,
a greater total



Table 1. Summary showing ranges of LDggs obtained from acute irradiation of
organisms from different taxonomic groups.1

Group Dose, Gy
Protista 30 - 30,000
Invertebrates 2.1-1,100
Vertebrates
Fishes 10 - >600
Amphibians 7->22
Reptiles 3-40
Birds 5-20
Mammals 2.5-150
Plants 1.5->130

1 The radiation units in references were converted to grays for comparative
purposes and for some values are approximations.

dose is required to produce the same biological effects observed at high dose rates
with no fractionation.

Radiosensitivity for nonvertebrate organisms was generally lower than that
for vertebrate organisms and ranged widely within a given taxonomic group and
among different taxonomic groups (Table 3). Microorganisms may require large
doses to kill them. Some bacteria populations continue to form colonies at doses
greater than 100 Gy, but deep-sea bacteria are reported to be more sensitive to
irradiation than those from more shallow areas of the sea [29]. More recently an
extremely radioresistant bacterium Deinococcus radiodurans was identified. This
species is capable of surviving 5,000 to 30,000 Gy of ionizing radiation [30]. Also,
some protozoans are relatively radioresistant. One of the most resistant appears to
be the ciliate Paramecium aurelia, which is reported to have an LD 5g greater than
1,000 Gy. Among multicellular organisms, sponges and hydroids are also relatively
radioresistant. For many higher invertebrates, the LD5q values range from tens to

hundreds of Gy. However, a value of



Table 2. LD5gs from acute irradiation of mammals and fishes.1

Dose, Gy References
Mammals
Humans 3 7
Monkey 6 1
Dog 2.5 7
Swine 25 [7]
Hamster 6 [7
Mouse 6.4 [7
Rabbit 75 M
Bat 150 M
Pisces
Goldfish 3.75-100 [8-10]
Mummichog 10-20 [11]
Tench 12-55 [12]
Guppy 235 [13]
Chinook salmon 25 [14]
Mosquitofish 37 [15]
Pinfish 50 [16]

1 The radiation units in the references were converted to grays for comparative
purposes and for some values are approximations. Also, the exposure times in
some experiments differed from 30 days.

about 2.1 Gy was reported for adult grass shrimp [27], a dose that is lower than the
LD5o for many mammals.

A relationship between radioresistance to high doses of acute radiation and
taxonomy of the organism exists, but rules on increasing radiosensitivity with
taxonomic position are not absolute. It must be noted that poikilotherms (animals
such as fishes and invertebrates) do not maintain a constant internal body
temperature, and cell-cycle times are generally more variable and much longer
than those in mostmammals. Furthermore, similar radiosensitivities of related
species cannot be assumed. Hoppenheit [31] showed that the LD5g of the amphipod
Gammarus zaddachi is about 17 Gy, which is about half of that of G . duebeni. The
males of the latter are less sensitive than the females, 39 and 35 Gy, respectively. In
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Table 3. LDggs obtained from acute irradiation of invertebrate organisms from
different taxonomic groups.

Group Dose, Gy References
Protozoa > 1000 [21]
Coelenterata 20-120 [22]
Porifera

Adult 20 - 120 [22]
Platyhelminthes 55 [22]
Annelida

Adult 100 - >500 [23]
Mollusca

Early life 11 [24]

Adult 50 - 500 [25, 26]
Crustacea

Adult 2.1-1000 [27, 28]

Echinodermata 100 [25]

1 The radiation units provided in references were converted to grays for
comparative purposes and for some values are approximations. Also, the exposure
times in some experiments differed from 30 days.

LD 5o of the phylogenetically advanced crustacean Callinectes sapidus was reported
to be about 566 Gy [28].

Chronic Radiation Responses. The chronic effects of radiation on mortality
were assessed in some mammalian and nhonmammalian species [1-6, 32, 33]. For
invertebrates, some data are available on both freshwater and marine organisms.
For adults of the blue crab Callinectes sapidus, dose rates greater than about 0.3
Gy/h for 70 d were required to cause death [34]. For juveniles of the clam
Mercenaria mercenaria dose rates as high as about 0.37 Gy/h for 14 months only
resulted in decreases in reproduction and growth [35]. For the freshwater
cladoceran Daphnia pulex, Marshall [36] observed increased mortality rates for the
population at dose rates >0.48 Gy/h, and for adults of the pond snail Physa
heterostropha, decreased survival was reported at dose rates of 0.1 Gy/h [37]. For



fishes, Erickson [13] reported no increase in mortality of the guppy Poecilia
reticulata exposed to 0.05 to 1 mCi mL-1 of tritium (total dose of 3.4 to 47 Gy).

Factors Modifying Radiation Responses. The mortality response may be
modified by experimental conditions and by life stage and physiological state of the
organism. The LDgq results may be confounded because experiments were carried
out for time periods other than 30 d and under different exposure conditions. For
example, for fishes (Table 2) the time of exposure was as low as 7 days [16] and as
high as 60 days [14]. Also, experimental conditions are especially important when
the mortality of poikilothermic species is examined. Temperature usually increases
radiation sensitivity. The results from five studies of fishes indicate that low
temperature slows the rate of development of lethal lesions and thus postpones
death [10-12, 15, 17]. For marine organisms, salinity alters the response to
irradiation. The LDgg of the mummichog Fundulus heteroclitus at 25 ppt, 15 ppt,
and 5 ppt salinity was about 10, 15, and 20 Gy, respectively [11]. In field studies, the
results may be confounded also by exposure to other contaminants, such as heavy
metals, pesticides, and polyhalogenated organic compounds, which may reduce
physiological fitness and increase radiosensitivity [6].

Other important variables not always controlled in early experiments were
life stages, age, and sex of the organisms. It is well documented that sensitivity of
rapidly dividing cells is greater than those of nondividing cells and that sensitivity
of a dividing cell differs with the stage of division [32, 33]. If comparisons are made
among experimental organisms of different life stages, age, or sex, it is highly likely
that the overall rate of cell division would not be the same and would be reflected
in the LDgQs obtained.

Another factor to consider is that two different species may have the same
LD 5, but the shapes of the response curves may be quite different (Figure 1). A
spread in the bell-shaped response curve results from a broad range in
radiosensitivity within the species. Such a response becomes important under
conditions of chronic exposure when selection of radioresistant individuals may
result in subsequent generations having a higher LDg5g because of decreased

radiosensitivity.

Developmental Aspects of Radiosensitivity

The database on sensitivity to radiation during development includes results from
irradiation of reproductive tissues as well as early life stages. When reproductive
tissues are irradiated, damages incurred by the developing gametes may be



guantified by observing changes in the number and condition of primordial germ
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Figure 1. For the same LDgq value, the shape of species response curves from
radiation may differ significantly.

developing gametes or in the size of the gonad. They may be quantified also by
observing changes in the number of fertilized eggs produced and in the
morphology and physiology of the developing embryos. When early life stages are
irradiated, the effects quantified include the induction of abnormalities in the
embryos and increases in mortality. Although the database is far from complete,
sufficient information is available to permit some comparisons to be made.

An example of changes in sensitivity among developmental stages is
available from the work of Ravera [26] who showed LDgg values for the four-cell,
trochophore, veliger, and hippostage embryos of the gastropod Physa acuta to be
about 11, 14, 49, and 110 Gy, respectively. Another example is that obtained by
Welander et al. [14] and Welander [38] who determined that the LD5q for rainbow
trout ranged from only about 0.5 Gy for gametes to about 150 Gy for the adult (Table
4).

A number of different biological responses can be used to assess
radiosensitivity. Not only do these include mortality but also changes in
morphology and physiology, in chromosome structure and function, in life span,
etc. Information on sensitivity of different endpoints for the polychaete worm
Neanthes arenaceodentata indicates that changes in chromosomal integrity
(induction of sister chromatid exchange) and in reproductive success (fertility)
occur at about the same dose (Table 5).
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Acute Radiation Responses. Acute irradiation of reproductive tissues and
early life stages results in changes in fertility, sterility, and normal development.
T h e range
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Table 4. Changes in the radiosensitivity of rainbow trout Salmo gairdnerii exposed

to acute irradiation during development [14, 38].1

Stage in life cycle LD 5 (Gy)
Gamete 05-1.0
1 cell 0.58
32 cell 31
Germ ring 45-46
Eyed 41-90
Adult 15

1 The radiation units in references were converted to grays for comparative
purposes.1

Table 5. Sensitivity of different endpoints in the polychaete worm Neanthes

arenaceodentata.
Dose, Gy Endpoint References

>0.3 DNA-strand breakage [39]

>0.5 Reduced fertility [23]
Increased sister chromatid exchanges [40]

> Increased chromosomal aberrations [41]

>50 Sterility [23]

>100 Lifespan reduction [41]

>500 Mortality [41]

1 The radiation units provided in references were converted to grays for
comparative purposes.

of acute irradiation that affects fertility in radiosensitive species appears to be
between 0.05 and 0.5 Gy (Table 6). Among taxonomic groups, responses to radiation
on reproductive tissues are better documented for fishes and small mammals than
for invertebrates. Effects on gametes of fishes were performed, and the results were
reviewed in Egami and ljiri [49]. For example, effects of acute radiation on female
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germ cells were observed after exposures to doses of acute radiation as low as 2.5
Gy. Welander et al. [14] found that counts of primordial germ cells in the Chinook
salmon Oncorhynchus tschawytscha exposed to 2.5 Gy from a x-ray source were
10% of control values. Male germ cells of the medaka Oryzias latipes were studied
extensively by Egami and co-workers, who found a temporary reduction in
testicular weights after exposure to a range from about 1 to 20 Gy.

In fishes, irradiation not only may retard development but also alter
morphological and physiological characteristics. Some of the criteria used to
evaluate effects include hatching success, embryo mortality, and frequency of
morphological abnormalities in embryos, larvae, young, and adults [32, 33]. Other
responses noted were that the somatic damage in Chinook salmon was
proportional to the amount of radiation received and that the greatest amount of
damage was in tissues growing and dividing rapidly. From the differences in
sensitivities shown by successive early stages of development, it appears that
different processes are involved and that these processes are in progress at various
times prior to morphological evidence of the organogenesis.

Chronic Radiation Responses. Dose rates that resulted in significant
changes to fertility in invertebrates had a larger range of values than in fishes and
mammals; the range for the invertebrates was from 0.07 to 550, for fishes <0.6 to
4.2, and for mammals 0.023 to 0.07 mGy/h (Table 7). Because the database for fishes
and invertebrates is small, any conclusions about the significance of the differences
may not be valid. In a summary of data for mammals [3], the reader is cautioned
that responses are dependent on the developmental stage of the gonadal tissue at
the time and duration of the irradiation, and for any species the range in
sensitivity may be large. Although such changes in sensitivity are not as well
documented in other taxonomic groups, it is likely to be an important factor.

The dose rates known to cause sterility in different species have a large
range—0.23 to 1400 mGy/h. Differences occur because the processes of
gametogenesis are not the same from species to species, and for a given species, the
response of male and female reproductive tissues may differ. In general, the testis
is more radioresistant than the ovary. In some species, sterility requires dose rates
and doses to the testis larger than those causing adult mortality, and these may
cause only temporary sterility. Recovery of gonads from radiation damage may
reflect differences in radioresistance of the stem cell population between sexes and
among species. Another factor that differs greatly from species to species is the
differences in doses and dose rates causing decreased fertility and sterility. In the
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Table 6. Comparison of sensitivity of reproductive tissues of invertebrates, fishes,
and mammals exposed to acute irradiation (Gy). The doses for fertility are those at
which significant changes were noted and for sterility were for when the response

was noted.1

Fertility Sterility References
Invertebrates

Neanthes arenaceodentata 0.5 50 [23]
(polychaete worm, adults)

Gammarus duebeni 2.2 - [31]
(amphipod, adults)

Artemia salina 9 21 [42]
(brine shrimp, juveniles)

Diaptomus clavipes 10 - [43]
(copepod, embryos)

Crepidula fornicata 20 - [44]
(slipper limpet, larvae)

Physa acuta 20 1000 [26, 45]
(freshwater snail, adults)

Fishes

Oryzias latipes 5 - [46]
(medaka, adult males)

Oncorhynchus tschawytscha 2.5 -- [14]

(Chinook salmon, embryos)
Salmo gairdnerii 6 -- [47]
(rainbow trout, 29-d embryos)

Mammals
Mice (LD 50, primordial follicles) 0.1 1 [48]
Rat (LD 50, primordial follicles) 0.7 8 [48]
Monkey 10 20 [48]
Human male 0.15 35-6 [48]
Human female 0.06 25-6 [48]

1 The radiation units provided in references were converted to grays for
comparative purposes and for some values are approximations.
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Table 7. Comparison of sensitivity of reproductive tissues of invertebrates, fishes,
and mammals exposed chronically to radiation ( mGy/h). The doses for fertility are
those at which significant changes were noted and for sterility were for when the

response was noted.1

Invertebrates Fertility Sterility References
Pollicipes polymerus 0.07 - [50]
(goosebarnacle, larvae)
Neanthes arenaceodentata 0.19 20 [61]
(worm, single generation)
Ophyrotrocha diadema 3.2-- [52]
(worm, seven generations)
Daphnia pulex 550 1400 [36]
(water flea, multiple generations)
Fishes
Ameca splendens <0.6 0.6 [53]
(--, single generation)
Poecilia reticulata 1.713 [54]
(guppy, single generation)
Oryzias lalipes 2.8840 [46]
(medaka, adult males)
Oncorhynchus tschawytscha 4.2-- [55]
(Chinook salmon, embryos)
Gambusia affinis 13 [56]
Mammals
Human male 0.050 0.23 [48, 57]
Human female 0.023 - [48, 57]
Male Dog 0.070 0.17 [48, 57]

1 The radiation units provided in references were converted to grays for
comparative purposes and for some values are approximations.
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arenaceodentata, the difference is two orders of magnitude whereas for male dogs
it is a factor of about two.

Reproductive success for a given species may be related not only to its
sensitivity to radiation during gametogenesis and early development but also its
reproductive strategy [32, 33]. For example, in a highly fecund species, the survival
of early life stages may be very low, and the loss of abnormal embryos induced
from radiation exposure may be masked completely by those lost from other
ecological factors, such as food limitation and predation. Other important factors of
reproductive strategy, in addition to the total number of gametes produced, their
rate of division, and their sensitivity, are gametogenesis parameters, such as the
time between production and release of gametes, the time to sexual maturity, and
the brooding of young. The time between the formation of primary germ cells and
the release of mature gametes becomes important in long-lived species exposed to
chronic irradiation. In the case of marine mammals and some fishes, if repair of
radiation damage does not occur, the dose to reproductive tissues may be
integrated over a period of tens of years. Unfortunately, in many nonmammian
organisms the processes involved in radiosensitivity and in gametogenesis and
reproductive strategies are not known.

The data most relevant to protection of ecosystems through limit setting are
those values obtained from developmental responses rather than mortality
because high radiosensitivity of gonadal tissues and early life stages affects
reproductive success directly. Also, if for the same group of species the
radiosensitivity of adults as measured by mortality is compared to that of early
stages as measured by developmental changes, it is evident that the
radiosensitivity during development may not be in the same taxonomic
relationship as that of the mortality of adults. Also, the responses of special interest
are the low ones resulting in decreased fertility. For invertebrates the low values
are in about the same range as those for some fishes and mammals, indicating that
at the cellular and molecular levels, radiosensitivity may not differ much if similar
stages in gametogenesis are exposed.

Reproductive success of a species in natural ecosystems is affected also by
the changes in the population gene pool from multigeneration exposures to
radiation. At most radioactivity-contaminated ecosystems, the exposure to the
biota is chronic and at low levels, resulting in multigeneration exposures.
However, data available on the effects of this type of irradiation on reproductive
success are limited [6, 32, 33]. The database from laboratory studies contains
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information from only a few studies that were on multigenerations. The duration
of most studies was for less than a complete life cycle, and the stages in the life cycle
irradiated were not always comparable. The database from field studies includes
results from multigeneration investigations, but the results from many of these
studies were confounded by the presence in the ecosystem of contaminants other
than radioactivity [6]. Effects of multigeneration exposure becomes important
because the dose-response curves for specific species may differ greatly (see Fig. 1). It
can be expected that selection of radioresistant individuals will occur upon
continuous exposure, and species having a broader range in sensitivity may have a
greater potential for survival.

Inherent Radiosensitivity Factors

The information reviewed indicates that responses during reproduction and
development, which may reflect changes at cellular and molecular levels,
represent better the inherent radiosensitivity of the species than the mortality
responses of adults. We will consider inherent radiosensitivity factors to be those
that are controlled by the genetic make up of the organism and that determine
basic developmental processes and pathways as well as biological repair processes.
Although environmental conditions, such as temperature, salinity, contaminants,
and exposure conditions, are known to alter the observed radiosensitivity, there
are some parameters that most likely reflect inherent radiosensitivity of an
organism. Such parameters include the (1) nuclear material content, (2) cell
repopulation, (3) tissue and organ regeneration, and (4) biological repair.
Concerning biological repair, it is important to consider how it may modify the
responses of organisms to low levels of irradiation and how that response may
affect our application of the linear-no-threshold theory for prediction of radiation
damage.

Nuclear Material Content. The content of nuclear material in cells was
shown in early experiments to be related to radiosensitivity in both plants and
animals. Investigations of the relationship between average interphase nuclear
volume (INV) and responses to acute radiation were performed on large number
of plants in the 1960s by Sparrow and coworkers [7]. They showed that plants with
large nuclear volumes were generally more sensitive than plants with small
nuclear volumes and that woody species are about twice as sensitive as herbaceous
species for a given INV. This relationship was used subsequently to predict the
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sensitivity of plants to chronic irradiation. Additional work on INV and sensitivity
was performed on amphibians, where a similar relationship was determined [7].

Cell Repopulation. The ability of cells to repopulate themselves to replace
cells damaged by injury or by radiation and to orchestrate tissue and organ
regeneration is undoubtedly an inherent trait of organisms. In tissue repair, a
number of growth-factor genes are induced and help direct tissue repair, but the
molecular signhals that initiate the process are not established completly but are
currently under investigation [58]. The cells involved in repopulation and division
may be cells that never differentiated, such as primordial germ cells, stems cells,
and other types of cells that were "set aside" during early development [59], or cells
that had dedifferentiated or transdifferentiated [60]. If organisms have the capacity
to replace cells, the radiation damage observed at the whole organism level may be
masked.

Tissue and Organ Regeneration. Tissue and organ regeneration has been
demonstrated in many more primitive organisms, some of which appear to be
relatively radioresistant as adults. The ability of cells to repopulate is undoubtedly
an important component of regeneration. Both the abilities to repopulate cells and
regenerate structures are related to basic developmental processes and pathways
and are important components of recovery from radiation damage.

The methods of cell specialization by embryos from different phylogenetic
groups were studied and shown to be diverse [61]. But now studies of
developmental processes and pathways appear to be entering a crucial period of
discovery in model organisms, such as bacteria [62] yeast [63], sea urchins [64, 65],
worms [66], and zebrafish [67]. Cell division is known to be followed by cell
specialization or specification, a process by which the fate of cells is established and
the consequences are the installation of differential patterns of gene expression. It
is important to know the mechanisms of cell specialization, i.e., to know how one
cell divides into two cells with the same genome but with distinct functions,
eventually becoming part of specialized tissues and organs.

The study of the mechanism of cell specialization during sporulation in
Bacillus subtilus provides an indication of the current trends in research. In this
bacterium, the process involves an initial asymmetrical division followed by the
activation of different genes [63]. Involved in asymmetrical division is a protein
initiating a cascade of biochemical reactions on one side of the cell membrane, and
this leads to the activation of a series of genes that convert the forespore into a
spore. Such proteins have been given the name of "signaling" proteins. Not only
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are they known to play a role in sporulation in B. subtilus but also in cell fate in
the algae Volvox carteri and in the development of the nervous system of the fruit
fly [63]. However, ultimate differences in the cells must depend on the activation of
distinct genes in each cell. Differential activation is considered to be accomplished
through a series of transcriptional factors called sigma factors. These sigma factors
are proteins reported to bind to sites near the beginning of genes to initiate
messenger RNA synthesis. The ability to produce signaling proteins and sigma
factors during early life and adult stages may account in part for differences among
organisms in their capabilities to repopulate damaged cells and to regenerate
tissues and organs.

Biological Repair. Inherent radiosensitivity is also related to the biological
repair capability of cells. Biological repair consists of repair of nuclear as well as
cytoplasmic materials. The main focus of repair in the nucleus is on the processes
involved in the repair of DNA; that of cellular repair is on the group of enzymes
that are involved in the prevention of and in the repair of damaged constituents
within the cytoplasm.

The ability of cells to repair radiation damage was noted early on when
organisms were observed to often show reduced sensitivity when exposed to
fractionated doses [1, 32, 33]. The conclusion was made that splitting the dose
allows repair processes to reduce the damage. Currently, there is sufficient
information to conclude that repair mechanisms are widely distributed and are
important to radiosensitivity responses. The mechanism receiving the most
attention is DNA repair, and an extensive database is available on the genes
involved and the processes occurring in a wide variety of organisms [3, 4].

One of the most remarkable capability to repair DNA damage was reported
for the bacterium Deinococcus radiodurans, which is capable of surviving up to
30,000 Gy of ionizing radiation [30]. Such a dose shatters the organism's
chromosomes into hundred of fragments, yet because of an extraordinary ability to
recover, due in part to its efficient DNA repair machinery, the organism survives.
Because such high radiation doses are not found normally in the environment, it
was proposed that the radiation resistance may be the result of its ability to repair
its DNA after severe dehydration.

One aspect of DNA repair that is progressing rapidly is the identification of
"checkpoints"—specific times within the cell cycle during which progression
through the cycle can be delayed in response to either DNA damage or to
incompletion of prior cell cycle events, such as DNA replication [68]. It is well
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documented that treatment of dividing cells with radiation causes a pause in the
G2 phase of the cell cycle, and when the pause is absent, the cells are more sensitive
to radiation. Recently, many proteins in the checkpoint pathways were identified
in yeast [68, 69]. Mitotic checkpoints require three distinct functions: (1) a detection
system to determine the change in DNA structure, (2) a signal pathway to transmit
this information, and (3) an effector mechanism to interact with the cell-cycle
machinery. It is expected that the progress made in the genetic analysis of yeast will
yield identification of biochemical markers for checkpoints, which can be used to
characterize responses in other organisms.

Indirect damage in genetic material from free radicals produced in cells
from radiation is a likely occurrence [32, 33]. Defense mechanisms against the
production of free radicals formation were reviewed by Giulio et al. [70] who were
concerned primarily about xenobiotic molecules, such as quinone, aromatic nitro
compounds, aromatic hydroxylamines, bipyridyls, and certain metal chelates. They
proposed that "antioxidant defenses are of three general classes and include water
soluble reductants (glutathione, ascorbate, urate), fat soluble vitamins (alpha
tacopherol, beta carotene) and enzymes (glutathione peroxidase, catalase,
superoxide dismutase)." The enzymes are of special interest because they are
inducible under conditions of oxidative stress.

Much of the indirect damage caused by ionizing radiation is considered to
be due to the hydroxyl radical, which is one of the most reactive radical known. In
the presence of transition metal catalysts, superoxide and hydrogen peroxide will
react to form the hydroxyl radical. The hydroxyl radical reacts with extremely high
rate constants with virtually all types of molecules found in living cells. It is
known to inactivate enzymes and, thus, is capable of wide ranging cellular damage.
The action of the superoxide free radical, a free radical arising from the univalent
reduction of molecular oxygen, is important also, because after it is formed it can be
dismutated by superoxide dismutases, which are present in all living oxygen-
tolerant organisms.

Because the kinds and quantities of antioxidant-defense enzymes induced
may differ with species, radiosensitivity in the presence of oxygen may be affected.
Therefore, to have a complete understanding of species tolerance to low levels of
radiation, it is necessary to consider the capability of the species to reduce
concentrations of free radicals by antioxidants. Although little information is
known about the role of antioxidants in preventing radiation damage in fishes and
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invertebrates, some information is available on methods to quantify oxidative
stress-related responses induced in these organisms from xenobiotic chemicals [70].

Adaptive Responses to Low Levels of Radiation

More attention has been directed recently to responses to low levels of radiation
and what has been called an "adaptive response." This response to low doses,
which remains for several hours in mammals, is sometimes referred to as stress
response or response to genotoxic stress, and it may affect our use of the linear-no-
threshold theory for radiation damage. Considerable data have accumulated
indicating that low doses of radiation may result in changes in the cells, reflecting
an ability to adapt to the effects of radiation [6, 32, 33]. In the UNSCEAR report [4], it
is noted that the "conventional estimates of the risks of stochastic effects of low
doses of ionizing radiation many have been overstated because no allowance was
made for the adaptive response.”

Reported manifestations of adaptive responses in mammals are accelerated
growth, increased reproductive ability, extended life span, stimulation of the
immune system, and reduced incidence of radiation-induced chromosomal
aberrations and mutations. Some of the mechanisms proposed to be involved in
the adaptive response and might be expected to be reflected in radiosensitivity
responses were the following [4]:

"(a) the effects of radiation on the up-regulation of genes and their
influence on cell cycle kinetics;
(b) the identification of activated genes and their enzyme products
specifically involved in radiation-induced DNA repair;
(©) the relationship between radiation-induced repair genes and those
activated by other mutagens;
(d) the ability of cells to remove toxic radicals;
(e) the activation of membrane receptors and the release of growth
factors;
(f)  the effects of radiation on the proliferative response to mitogens."
These factors may come into play at low doses and low dose rates, which are
characteristic of many of the conditions found in the environment.

Although investigations of the adaptive response have not been
investigated in flora and fauna of concern in ecosystems, some information does
exist on DNA repair and on enzymes involved in the reduction of free radicals.
DNA-strand breakage was investigated in freshwater fishes [71,72] and in a marine
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bivalve and a polychaete worm [39]. Results from experiments using DNA-strand
breakage as the endpoint indicate that after these organisms are irradiated, DNA-
strand breakage is repaired. However, the time course of repair is much slower in
nonmammals than mammals; the time of repair takes days rather than hours.
Also, little is known about the fidelity of the repair. Another important
consideration is that in mammals there is evidence that the lesions induced by
radiation may also be induced by some other toxic agents. These not only include
physical agents but also chemical materials. Before the consequence of low doses of
radiation on nonmammalian species can be elucidated, allowance for uncertainty
should be considered in predictions of effects on the environment. The adaptive
response and its effect on interactions among contaminants in the environment

becomes a research area that needs to be addressed.

Summary
The ranges of the LDgg responses of different taxonomic groups of organisms to
acute radiation indicate that there are large differences among groups in
radiosensitivity and that lower taxonomic groups have lower radiosensitivity. Lists
of median lethal doses causing mortality are to be interpreted with caution when
making comparisons about radiosensitivity of specific species within a group and,
in some cases, of species from different phyla. Also, because the responses that are
elicited at high doses may be entirely different from those at low doses, erroneous
conclusions may be drawn when short-term mortality results are used to
approximate long-term impacts. Because of uncertainties associated with factors,
such as environmental variables and physiological condition, the lower limit of
radiation inducing mortality in many species is most likely still undefined.
Responses to radiation during reproduction and development indicate that
early life-history stages are more sensitive than adults and reflect changes
occurring at the cellular and molecular levels. Comparison of effects on
reproductive tissues from different groups of organisms indicates that
radiosensitivity responses may be modified by environmental conditions and by
types of irradiation. Comparison of the effects of radiation on fertility and sterility
in different groups of sensitive mammals, fishes, and invertebrates appears to
indicate that there is a lower threshold level of doses, ranging from about 0.05 to
0.5 Gy, and dose rates, ranging from about 0.02 to 0.2 mGy/h, below which no
adverse effects are detected.
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The inherent radiosensitivity, which is genetically controlled in an
organism, is a critical factor in determining the responses to radiation. The
responses observed may be modified by environmental factors and physiological
condition but reflect fundamental processes and pathways in reproduction and
development and the ability to prevent or repair damage to biologically critical
molecules. Even though deleterious responses are not detected generally above the
apparent lower threshold level, effects may be occurring that cannot be quantified
with our current state of technology. Because rapid process is being made in the
understanding of developmental processes and pathways and in biological repair
mechanisms, information may be available soon that will allow us to understand
factors determining inherent radiosensitivity and to identify endpoints or
biomarkers to be used to set better standards for the protection of humans and the
environment.
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